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Abstract: To improve the sensitivity of disease biomarker detection, we proposed a high-
performance surface-enhanced Raman spectroscopy (SERS) chip integrated with a micro-optical
system (MOS). The MOS, which is based on the micro-reflecting cavity and the micro-lens,
optimizes the optical matching characteristics of the SERS substrate and the Raman detection
system, and greatly improves the SERS detection sensitivity by improving the collection efficiency
of the Raman scattering signal. A uniform single layer of silver nanoparticles on a gold film
was prepared as the SERS substrate using a liquid-liquid interface self-assembly method. The
micro-reflecting cavity and micro-lens were prepared using micro-processing technology. The
SERS chip was constructed based on the MOS and the Au film-based SERS substrate, and
experimental results showed an EF of 1.46×108, which is about 22.4 times higher than that of the
Si-based SERS substrate. The chip was used for the detection of creatinine and the detection
limit of creatinine in aqueous solution was 1 µM while the detection limit in serum was 5 µM. In
addition, SERS testing was conducted on serum samples from normal people and patients with
chronic renal impairment. Principal component analysis and linear discriminant analysis were
used for modeling and identification, and the results showed a 90% accuracy of blind sample
detection. These results demonstrate the value of this SERS chip for both research and practical
applications in the fields of disease diagnosis and screening.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Serum creatinine is a key biomarker for the diagnosis and monitoring of kidney disease [1–3].
Rapid and sensitive creatinine detection is thus important. Surface-enhanced Raman spectroscopy
(SERS) technology has many advantages such as immunity to water interference, “fingerprint”
information, and rapid and non-destructive detection [4–9], and has great potential for the rapid
detection of disease biomarkers [10–16]. For example, Stosch et al. used isotope labeling for
quantitative SERS detection of creatinine in serum [17]. In biological samples, due to factors
such as complex sample composition and weak Raman scattering, the key to achieving accurate
detection is to obtain a sufficiently high detection sensitivity. Moreover, in order to avoid the
sample being damaged by high temperature, the excitation power is often limited. Therefore,
there are two main strategies to improve SERS detection sensitivity: one is to optimize the
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plasmonic nanostructure, and the other is to improve the collection efficiency of the Raman
scattering signals.

In the preparation of plasmonic nanostructures, various methods have been developed to prepare
SERS substrates with ultra-high sensitivity [18–21]. According to the SERS electromagnetic
enhancement mechanism [22], the Raman enhancement efficiency is extremely sensitive to the
size of the nanogap. Therefore, the key to preparing SERS substrates is the construction and
optimization of the nano-gap. Plasmonic nano-pattern arrays with nano-gaps can be prepared
using advanced micro-nano manufacturing technologies, such as electron-beam lithography
(EBL) [23–25], focused ion beam (FIB) [26,27], and nanoimprint lithography (NIL) [28,29].
However, such methods often require sophisticated equipment and complex operations. Chemical
synthesis methods are widely used in SERS applications due to their simplicity and convenience.
A simple reduction reaction can be used to prepare gold/silver nanoparticles [30,31], and assemble
them into a uniformly distributed nanoparticle array to obtain a highly active SERS substrate
[32,33].

Improving the collection efficiency of Raman signals is another important strategy to improve
the sensitivity of SERS detection. According to the principle of Raman scattering, the Raman
signal generated by the molecule will scatter randomly in all directions. Only the signals that
enter the aperture angle of the objective lens will be collected, and the signals outside the aperture
angle will be wasted. Most research on SERS has used commercial Raman microscopes to collect
Raman spectra, often only by using a larger numerical aperture objective to improve the signal
collection efficiency to obtain higher detection sensitivity. By designing precious optical antenna
[34] (such as two-dimensional gratings) or adopting prism-type surface plasmon structures
[35–37], the SERS signal can be directionally radiated, and the excitation and collection optical
paths at specific angles can achieve higher signal collection efficiency. However, this method
often requires the additional design of a complex optical path system. For example, Xu’s research
group designed a special aplanatic solid immersion lens and developed a spectrometer called
iPERS [37], which used excitation evanescent wave excitation and reverse collection to achieve
the directional emission of SERS signals, thereby improving SERS signal collection efficiency.

Here, we designed and prepared a high-performance SERS chip integrated with a micro-optical
system (MOS). The MOS functioned to optimize the optical matching between the SERS
substrate and the Raman detection system to improve the collection efficiency of the SERS signal,
thereby effectively improving the detection sensitivity. First, a single uniform layer of silver
nanoparticles was prepared by the liquid-liquid interface self-assembly method, which was used
as the SERS active substrate to guarantee reliable Raman detection. Based on our previous
research [38], we designed the MOS to improve the SERS detection sensitivity and conducted
verification experiments. The prepared SERS chip was used to investigate creatinine detection
in both aqueous and serum solutions, and the detection limit of creatinine in aqueous solution
and serum was 1 µM and 5 µM, respectively, demonstrating the feasibility of SERS detection
of serum creatinine. In addition, SERS tests were performed on serum samples from normal
people and patients with chronic renal failure. Using principal component analysis and the linear
discriminant method to model and identify the serum SERS spectra in renal patients and controls,
the accuracy of the blind sample detection reached 90%. The SERS chip thus exhibits feasible
potential application for the rapid detection of early disease biomarkers.

2. Experiments and methods

2.1. Synthesis of silver nanoparticles and assembly of monolayer particle films

Silver nanoparticles were prepared according to the method of Lee and Meisel [30]. The specific
preparation process is provided in the supporting material. As shown in Figure S1, except for a
small number of rod-shaped silver nanoparticles, most of the prepared silver nanoparticles were
spherical. The characterization results showed that the average particle size of silver nanoparticles



Research Article Vol. 12, No. 8 / 1 August 2021 / Biomedical Optics Express 4797

was about 49.3 nm. Before use, the silver nanosol was centrifuged at 8000 rpm for 5 minutes, the
supernatant removed, and the precipitate ultrasonically dispersed in deionized water.

We used the liquid-liquid interface assembly method to assemble a single layer of silver
nanoparticles as the SERS substrate. The specific process is provided in the supporting material
(Figure S2 and Figure S3).

2.2. Preparation of the SERS chip

The SERS chip was essentially composed of a SERS substrate, an inverted pyramid structure
micro-reflecting cavity, and a micro-lens. The flowchart of the manufacturing process is shown
in Fig. 1.

Fig. 1. Schematic diagram showing preparation of the SERS chip.

According to the method established in our previous research [38], a micro-reflective cavity
with an inverted pyramid through-hole structure based on a <100> crystal orientation Si wafer
was prepared. Briefly, the photoresist was spin-coated on the surface of the Si oxide wafer, and
the exposed Si dioxide was removed by photolithography and buffered hydrofluoric acid (BHF).
After removing the photoresist with acetone, a regular square pattern was formed on the surface
of the Si oxide wafer. Anisotropic wet etching with tetramethyl ammonium hydroxide (TMAH,
12.5% wt) solution was performed at 90°C until formation of the through-holes of the inverted
pyramid structure. Then, a smooth Au film (120 nm thickness) was sputtered on its surface by
magnetron sputtering technology to form the micro-reflective cavity.

The micro-reflective cavity was filled with a mixture of PDMS prepolymer and curing agent
(mixed at a mass ratio of 10:1), degassed in a vacuum box for 30 minutes, and cured at 90°C for
60 minutes. SU-8 photoresist (0.4µL) was used to cover the top of the inverted pyramid in the
shape of a spherical crown, which was then exposed under violet light for about 1 minute to form
the micro-lens after curing. The micro-lens and the micro-reflection cavity together constitute
the micro-optical system. Finally, it was bonded to the SERS substrate to form the SERS chip.
The photographic picture of the prepared SERS chip is shown in Fig. S4.

2.3. Simulation analysis

The electric field distribution of the nanoparticles was simulated by the wave optics module of
COMSOL Multiphysics 5.4 software. The geometric model consisted of a flat substrate and
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a dimer of silver nanoparticles. The particle size of the silver nanoparticles was set to 50 nm,
which is essentially the same as the average particle size of the silver nanoparticles prepared in
this experiment. The gaps between the nanoparticles and the substrate and adjacent nanoparticles
were set to 2 nm. Incident light (785 nm) with X-direction polarization was propagated in the -Z
direction.

The Raman signal collection performance of the MOS was simulated and analyzed by the
ray optics module of COMSOL Multiphysics 5.4. The geometric model included an inverted
pyramid structure reflecting cavity, a plano-convex lens, and a “mirror” representing the collection
objective. It was assumed that the Raman scattering signals are uniformly emitted in all directions
upward from the center of the bottom surface of the micro-reflecting cavity, and that all the Raman
scattering signals had the same power. Under the combined action of the micro-reflecting cavity
and the micro-lens, the Raman signal originally outside the numerical aperture was collected.
The incident heat flux of the “mirror” was calculated to characterize the Raman scattering signal
collection efficiency of the MOS.

2.4. Performance characterization of the MOS

The internal structure of monocrystalline Si is regular and stable, and its Raman signal fluctuates
little. Therefore, we chose a single crystal Si wafer as the Raman probe to characterize the
performance of the MOS. We attached the MOS to the monocrystalline Si wafer and then directly
collected the Raman signal of the monocrystalline Si from the 3D structure. The Raman test
conditions were set as follows: laser wavelength 785 nm, laser power 34.8 mW, and integration
time 3 s.

At the same time, we collected the R6G Raman signal in the SERS chip and compared it with
the R6G Raman intensity collected on the planar SERS substrate under the same test conditions
to further verify the SERS signal collection efficiency of the MOS. The Raman test conditions
were set as follows: laser wavelength 785 nm, laser power 5 mW, and integration time 1 s.

2.5. SERS detection of creatinine

Creatinine powder (99%, 114.26 mg) was weighed out and dissolved in 10 ml of deionized water
to obtain a 1×10−1 M aqueous creatinine solution. This solution was then serially diluted with
deionized water to prepare a series of creatinine solutions. Serum samples from patients with
chronic renal impairment (serum creatinine concentration greater than 100 µM) and normal
people were collected from the Chongqing University Cancer Hospital and stored in a freezer at
-20°C before use. Serum creatinine solutions of different concentrations (1×10−2 M to 1×10−5

M) were prepared by mixing 2×10−2 M to 2×10−5 M creatinine aqueous solution with healthy
human serum in equal proportions. Deionized water and serum mixed in a 1:1 ratio were used as
the controls. Drop 2 microliters of sample on the SERS substrate, cover the micro-optical system
plate, and keep the two closely attached, and then collect the SERS spectrum.

3. Results and discussion

3.1. Preparation and characterization of the silver nanoparticle film

Figures 2(a) and 2(b) show the silver nanoparticle films prepared on the surface of the Si wafer
and Au-plated Si wafer, respectively, by the liquid-liquid interface self-assembly method. It can
be seen from the figures that the silver nanoparticles on the two substrates are both uniformly
distributed in a single layer except for a small amount of accumulation and blank, which provides
a guarantee for reliable Raman enhancement.

To compare the effects of different substrates on the Raman enhancement, we collected
SERS spectra of R6G (10−8 M) under the same test conditions. To make the detection result
more reliable, six random points were selected to collect the spectrum and were averaged
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Fig. 2. SEM pictures of single-layer silver nanoparticle film on the (a) Si wafer and (b) Au
-plated Si wafer.

as the final detection result. It can be seen from Fig. 3(a) that the SERS intensity collected
on the Au film-based SERS substrate is significantly higher than that on the Si wafer-based
SERS substrate. The calculated results of the analytical enhancement factor (AEF) for the Si
wafer-based SERS substrate and the Au film-based SERS substrate were AEFSi wafer=6.23×106

and AEFAu film=3.51×107 respectively, and the detailed calculation process is shown in Figure S5.
The calculated results showed that the AEF of the Au film-based SERS substrate was about 5.63
times that of the Si wafer-based SERS substrate. The primary reason for this is that there was
plasmonic coupling between the Au film and the silver nanoparticles [19,39], which increases the
electric field strength of the “hot spots” in the gaps between the nanoparticles, thereby increasing
the SERS intensity. Subsequent SERS experiments were performed using the single-layer silver
nanoparticles film on an Au-plated Si wafer.

Figures 3(c) and 3(d) show the simulation results of the electric field distribution of the silver
nanoparticle dimer placed on the Si wafer and the Au film, respectively. According to the electric
field enhancement theory of SERS [22], it was calculated that the enhancement factor of the
silver nanoparticle dimer on the Au film was about 9 times that of the Si wafer. We infer that
the possible reasons for the difference between the simulation analysis and the experimental
results are: 1) The simplified model was used in the simulation, which is different from the
actual situation; 2) The “hot spot” with the largest electric field strength was used to calculate the
enhancement factor in the simulation while the experiments gave only the average enhancement
factor.

Signal uniformity is an important parameter in the evaluation of the performance of SERS
substrates. We used R6G as the Raman probe molecule to perform the SERS mapping test
in an area of 30×26 µm2 on the Au-plated Si SERS substrate. The scanning steps on both
the x- and y-axes directions were set to 2 µm, and a total of 224 sets of SERS spectra were
collected. Figure 3(b) shows the SERS mapping images of R6G at 612, 1358, and 1509 cm−1,
and the relative standard deviations (RSD) of the SERS peaks at 612, 1358, and 1509 cm−1 were
calculated to be 10.7%, 9.3%, and 11.2%, respectively.

3.2. Preparation and performance characterization analysis of the micro-optical system

Figures 4(a) and 4(b) show the top and side SEM images, respectively, of the micro-reflective
cavity prepared by the wet etching method. It can be seen that it appears as a typical inverted
pyramid structure. The measured angle between the sidewall and the bottom surface was 54.7°,
which is consistent with the theoretical result of the angle between the (111) plane and the (100)
plane of monocrystalline Si. Figure 4(c) is an electron micrograph of the micro-lens covering
the micro-reflecting cavity. The diameter of the micro-lens measured under the microscope
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Fig. 3. (a) SERS spectra of R6G collected from the single-layer silver nanoparticle film on
(i) Au film and (ii) Si wafer. (b) SERS mapping of R6G (10−8 M) on the Au film-based
SERS substrate, (i) Optical image of the region for Raman mapping, (ii-iv) Raman maps
targeting the R6G signal at 612, 1511, and 1363 cm−1, respectively. Simulation results of
the electric field distribution of the dimer of silver nanoparticles on the (c) Au film and the
(d) Si wafer.

was about 1061.7 microns, and Fig. 4(d) is the measurement result of the contact angle of the
micro-lens.

Figure 5(a) shows the Raman spectra test results of the monocrystalline Si with and without
using the MOS. The calculated result based on the peak value of 520 cm−1 showed that the Raman
intensity collected in the MOS was approximately 4.16 times that of the direct measurement on
the Si wafer. This is due to the improved collection efficiency of Raman scattered signals by the
MOS.

Figures 5(b) and 5(c) present the simulation results of the optical power density distribution
on the collecting surface with and without the use of the MOS, respectively. It can be seen that
when using the MOS, most of the light energy was distributed in the center of the collecting
surface, which is more helpful for the objective lens to the collection of Raman scattering signals.
Figure 5(d) shows the total light energy on the collecting surface in the two cases. Calculations
showed that when the MOS is used, the total light energy is approximately 4.31 times that when
MOS is not used, which is consistent with the experimental results.

Furthermore, we used the flat SERS substrate (Au film-based SERS substrate) and the SERS
chip (Au film-based SERS substrate+MOS) to collect the R6G (10−8M) SERS spectra under the
same test conditions. As shown in Fig. 5(e), the Raman intensity collected in the SERS chip
was significantly stronger than the Raman intensity on the flat SERS substrate. The calculated
peak value at 1358 cm−1 showed that the Raman intensity collected on the SERS chip was
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Fig. 4. (a) SEM image of the micro-reflective cavity. (b) Side view of the micro-reflective
cavity. (c) Electron micrograph of the micro-lens. (d) Contact angle measurement of the
micro-lens.

Fig. 5. (a) Raman spectra of monocrystalline Si with and without using the MOS. Simulation
results of the optical power density distribution on the collecting surface when using MOS
(b) and without using MOS (c). (d) Comparison of ray optical simulation results. (e) Raman
spectra of R6G collected on the Au film-based SERS substrates with and without integrated
the MOS. (f) Raman spectra of R6G collected on the SERS chip and the Si wafer-based
SERS substrate.
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about 4.15 times that on the flat SERS substrate, which was consistent with the above-mentioned
experimental and simulation results. The experimental results further verified the correctness of
the design scheme. Using the same calculation method described in Section 3.1, the AEF of
the SERS chip was as high as 1.46×108. It can be seen that the MOS can greatly increase the
SERS signal strength, thereby improving the Raman detection sensitivity. Figure 5(f) shows the
comparison of the R6G Raman spectra collected using the SERS chip and the Si-based SERS
substrate. The calculation results show that the AEF of the SERS chip was about 22.4 times
higher than that of the Si-based SERS substrate.

3.3. Creatinine detection using the SERS chip

3.3.1. Creatinine aqueous solution detection

We used the prepared SERS chip to perform SERS creatinine detection in aqueous solutions
with different creatinine concentrations. The Raman test conditions were: laser wavelength 785
nm, laser power 7.8 mW, and integration time 3 seconds. For each concentration, a total of 6
SERS spectra were collected at different random points and then averaged as the final result. As
shown in Fig. 6(a), the characteristic creatinine peak of creatinine at 678 cm−1 could be clearly
seen from the SERS spectra. The Raman peak at 678 cm−1 is the result of shear vibration of the
ring plane, stretching vibration of the C-NH2 moiety, the ring, and C-O [14,40]. It can be seen
from the figure that, as the concentration of creatinine decreased, the intensity of the 678 cm−1

peak decreased significantly. When the concentration was reduced to 1×10−6 M, the creatinine
Raman peak could still be clearly distinguished (Fig. 6(a)). This shows that the detection limit of
creatinine by the SERS chip was as low as 1×10−6 M.

Fig. 6. (a) SERS spectra of creatinine aqueous solutions of different concentrations. (b)
SERS spectra of normal serum with different concentrations of creatinine. (c) Fitting curve
of the peak intensity at 678 cm−1 and logarithmic concentration. (d) Normalized SERS
spectra of normal and patient serum. (e) The peak distribution at 678 cm−1 of normalized
SERS spectra of normal and patient serum. (f) SERS spectral model training set of normal
and patient serum.

3.3.2. SERS detection of serum creatinine

Due to the complex composition of serum and its many potential interference signals, the
miniaturized Raman spectrometer (785 nm ID Raman, Ocean Optics, USA) used in the experiment
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has poor resolution (the highest resolution is only 4 cm−1), which causes the characteristic
creatinine peak to be easily obliterated. Therefore, we chose the confocal Raman microscope
system (Horiba Jobin Yvon, HR Evolution, France) for the detection of serum creatinine. This
instrument is equipped with a 633 nm He-Ne laser with a power of about 17 mW, a 50× objective
lens of numerical aperture (NA) 0.5, a work distance (WD) of 10.6 mm, and a spectral resolution
of 2 cm−1. The filter and acquisition time were set at 10% and 3 s for measuring creatinine
molecules to reduce the heating effect induced by the laser. According to the optical parameters of
the confocal Raman instrument, we used COMSOL software to carry out a ray optical simulation,
and the simulation result is shown in Figure S6. The simulation results showed that the SERS chip
still had excellent Raman signal collection ability when using the confocal Raman instrument.

Figure 6(b) shows the SERS spectrum collected on the SERS chip after mixing normal
human serum with different concentrations of creatinine (1×10−2 M to 1×10−5 M) in equal
proportions. All spectra were deducted from the baseline by the asymmetric least squares
smoothing method. Compared with the SERS spectrum of the creatinine aqueous solution, the
Raman peak of serum was larger but the characteristic peak of creatinine at 678 cm−1 can be
clearly distinguished. Furthermore, the intensity of the 678 cm−1 creatinine peak increased
significantly in relation to increasing serum creatinine concentration. Using the added creatinine
concentration as the abscissa and the peak at 678 cm−1 as the ordinate, a standard curve was
established: y= 963.63x+5053.17 and R2= 0.91, as shown in Fig. 6(c). The average value of the
Raman intensity at 678 cm−1 of the SERS spectrum of normal human serum is about 239.29.
When the serum creatinine concentration increased by 5 µM, the average peak value at 678 cm−1

increased to 321.14. This shows that the SERS chip can respond to changes in serum creatinine
concentration of 5 µM, that is, the detection resolution is better than 5 µM.

3.3.3. Distinguishing between normal and patient serum

We performed SERS tests on serum samples from 40 different normal persons and 40 different
renal dysfunction patients, and the results are shown in Figure S7a and 7b. Figure 6(d) shows the
average SERS spectra of normal human serum and that of patients with renal dysfunction after
normalization. It can be seen that, except for a certain difference in relative intensity, the main
Raman peaks of the two sera are essentially the same. Furthermore, the value of the creatinine
peak at 678 cm−1 is higher in serum from renal dysfunction patients than in normal human serum,
indicating that the serum creatinine of these patients is higher than normal which is consistent
with the clinical diagnosis results. The normalized SERS spectrum of patient serum at 678cm−1

had a peak range of 0.08∼0.58, with an average value of 0.27, and the normal person’s range of
0.02∼0.18 and 0.09, respectively. As shown in Fig. 6(e), although the average peak value of the
patients’ serum at 678 cm−1 is higher than that of the normal population, the peak ranges partially
overlap. We infer that this is mainly due to the interference by complex serum components. Thus,
it is difficult to directly distinguish between the patients’ and normal serum by the peak at 678
cm−1.

We used principal component analysis to analyze the SERS spectra of sera from 40 normal
people and 40 patients, extracting the principal components, and establishing recognition models.
Figure 6(f) shows the spectral recognition model training set. The SERS spectra of 20 sera
(10 normal and 10 patients) were used as blind samples, and discriminant analysis was used to
identify them. The results are shown in Table S1. It can be seen from the table that all 10 normal
persons were distinguished correctly, and two patients were judged to be normal. The overall
detection accuracy rate was 90%.

4. Conclusions

In summary, we proposed a high-performance SERS chip with an integrated MOS and used it
for rapid and accurate serum creatinine detection. The MOS optimizes the optical matching
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characteristics of the SERS substrate and the Raman detection system, and greatly improves
the SERS detection sensitivity by improving the collection efficiency of the Raman scattering
signal. The liquid-liquid interface self-assembly method was used to assemble single-layer silver
nanoparticle arrays on Si wafers and Au-plated Si wafers as SERS active substrates. The study
found that the AEF when using Au-plated Si wafers was about 5.6 times that of using Si wafers,
with values of up to 3.51×107. The RSD calculated from the peaks of the R6G SERS spectrum
at 612, 1509, and 1358 cm−1 were 10.7%, 11.2%, and 9.3%, respectively. Indicating an excellent
signal uniformity. Then, we fabricated the micro-reflecting cavity based on a single-crystal
Si wafer through a wet etching process, and then covered the micro-reflecting cavity with a
micro-lens to form the MOS for increasing the collection efficiency of the scattered Raman
signals. The experimental results show that the MOS can increase the Raman intensity more
than four-fold and the AEF of the prepared SERS chip was as high as 1.46×108. We used the
prepared SERS chip for creatinine detection experiments. The results showed that detection
limits of creatinine in aqueous solution and serum of 1×10−6 M and 1×10−5 M, respectively, and
we finding that the Raman intensity of serum at 678 cm−1 in the renal patients was generally
higher than that in normal people, indicating that the serum creatinine concentrations of patients
were greater than those of the normal population, which is consistent with the clinical diagnosis.
In addition, we used the principal component analysis-linear discriminant method to distinguish
sera normal people and patients, and the results showed that the corrected rate of blind sample
identification reached 90%. This rapid detection method of serum creatinine based on the SERS
chip provides a new option for the clinical diagnosis of kidney disease.
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